INTRODUCTION
Kinesins are motor proteins that use ATP to power the movement of cargoes along microtubules. 1 The neuron-specific family 1 kinesin (KIF1A) transports presynaptic vesicles toward the distally located plus end of the axonal microtubules. 2 KIF1A contains an N-terminal motor domain, a forkhead associated domain and a C-terminal pleckstrin homology domain. 3 Homozygous disruption of Kif1a in mice led to motor and sensory disturbances and to death soon after birth. 4 The first disease-associated variants in KIF1A, reported in patients with hereditary sensory and autonomic neuropathy II (HSANII), were recessive truncating variants abolishing the C-terminus of the protein. 5 Next, homozygous missense variants in the KIF1A motor domain were found causative for the autosomal recessive hereditary spastic paraplegia (HSP) subtype SPG30. [6] [7] [8] HSP is characterized by the degeneration of axons of the corticospinal tract motor neurons. If additional symptoms or signs are present, the patient has 'complicated' rather than 'pure' HSP. 9 The phenotypic spectrum of KIF1A-related disease grew recently further with the identification of de novo missense variants in the motor domain in patients who had intellectual disability (ID) in addition to variable other symptoms including spastic paraparesis, axonal neuropathy and cerebellar atrophy. [10] [11] [12] Here we report the first dominantly inherited KIF1A variant, which caused pure HSP.
MATERIALS AND METHODS Patients
The index patient of Finnish origin was diagnosed at the Helsinki University Central Hospital (HUCH). All participants or guardians gave written informed consent. The study was approved by the ethics board of HUCH.
Sequencing
For gene screening, a targeted next-generation sequencing (NGS) method was used that included 136 genes linked to HSP, neuropathy or related diseases (Supplementary Table 1 ). Target enrichment and amplification were done with the HaloPlex kit (Agilent Technologies, Santa Clara, CA, USA) and sequencing on MiSeq (Illumina, San Diego, CA, USA) as described. 13 Alignment and variant calling was done as previously reported. 14 
Data filtering
NGS single nucleotide variant data were filtered as follows: (1) Exclusion of variants with frequency 40.005 in the 1000 genomes database (http://www.1000genomes.org/, accessed 4/2014). (2) Exclusion of synonymous or non-splice site changing variants. (3) Exclusion of some recurring false positive calls only present in reads from one restriction enzyme fragment; using Integrative Genomics Viewer. 15 (4) Exclusion of common Finnish variants with frequency 40.001 in the Sequencing Initiative Suomi (SISu) database (http://sisu.fimm.fi/, accessed 4/2014). 16 Insertion and deletion (indel) data were filtered by: (1) Exclusion of variants outside of genes; (2) Exclusion of synonymous or non-splice site changing; (3) Exclusion of variants found in the dbSNP database (http://www.ncbi.nlm. nih.gov/SNP/, accessed 1/2014).
Predictions of variants' pathogenicity were obtained using SIFT (version 1.03, http://sift.jcvi.org/), 17 PolyPhen-2 (version 2.2.2r398, http://genetics.bwh.harvard. edu/pph2/) 18 and MutationTaster (version 2, http://www.mutationtaster. org/) 19 software.
Sanger sequencing
Sanger sequencing was used to confirm the identified variant and to test the family members. Oligonucleotide primer sequences used for the KIF1A (NG_029724.1, NM_001244008.1) variant were: 5′-CCTGCAACTTCATTCCT TCC-3′ and 5′-GCTCTCAGCCTCAGCTGGT-3′. Genetic variant data were submitted to ClinVar (accession number SCV000191086, http://www.ncbi.nlm. nih.gov/clinvar/).
Structural modeling of the KIF1A motor domain
The structural modeling was based on the crystal structure of KIF1A motor domain (PDB ID: 1VFV). The variant was introduced by using mutagenesis option in PyMOL, molecular visualization software. 20 The energy minimization and loop flexible modeling were performed by using Modeller software. 21 All structural images were generated using PyMOL. 20 
RESULTS

Clinical findings
Our index patient is a 9-year-old boy (Figure 1a) , who was sent to our pediatric neurology unit at the age of 2.5 years because of toe walking and spasticity in the lower extremities. His father had similar symptoms as a toddler, and cerebral palsy was suspected, but the brain imaging was normal. Since then the father has had lowerextremity spasticity with walking difficulties. The paternal grandparents have had no problems with walking. Both the patient and his father had accelerated reflexes in the lower limbs with positive Babinski sign. The diagnosis was set as both had the typical physical appearance of spastic paraparesis: a muscular trunk with lumbar lordosis, stiff lower extremities, cavus feet and spontaneous dorsal flexion of the first toe. ENMG was performed to the patient's father with normal results. Brain and spinal MRI of the patient were normal. The patient's cognitive development has been normal based on neuropsychological tests. The father had no learning difficulties at school, but the patient has received special education because of attention deficit disorder (ADD) since the first grade. Because of the ADD, MRI was controlled and electroencephalography (EEG) registered at the age of 8 years. The MRI showed no abnormality and EEG revealed focal frontal disturbance with normal background activity and no spikes or bursts.
Genetic findings
Filtering of the proband's NGS data left a single heterozygous variant, c.206C4T in the KIF1A gene (NG_029724.1, NM_001244008.1), which predicted a p.(Ser69Leu) amino-acid change (Supplementary Table 2 ). The presence of the variant was confirmed by Sanger sequencing (Figure 1b) . The variant was found to segregate with the disease phenotype, as the proband's father carried the variant but his brother and mother were both negative as were the father's parents. These results showed that the c.206C4T variant had arisen de novo in the father and was inherited by the proband. No signs of mosaicism were observed for the c.206C4T variant in the paternal grandparents' blood DNA. This variant was absent in 1000 Genomes, EVS and SISu databases. The amino acid p.Ser69 is conserved in mammals and birds (Figure 1c) . The variant was predicted damaging by SIFT, probably damaging by Polyphen-2 and disease causing by MutationTaster.
Structural modeling
The p.Ser69 residue is located in the motor domain of KIF1A (Figures 2a and b) . The movement of KIF1A along the microtubules is powered by the hydrolysis of ATP. Structural modeling, based on the crystal structure of the KIF1A motor domain, 22, 23 suggested that the p.(Ser69Leu) change, which was predicted based on the observed c.206C4T variant, might affect the conformation of the L2 loop, which participates in the formation of the ATP binding pocket. In particular, p.Tyr67 binds the adenine group of ATP in a 
DISCUSSION
The present study enlarges the spectrum of KIF1A-associated disease by describing the first dominantly inherited disease variant. Our proband was heterozygous for a previously unknown c.206C4T (p.(Ser69Leu)) variant in KIF1A. His father carried the same variant, whereas the father's parents did not. This showed that the variant was de novo in the father and was transmitted from father to son. Heterozygous KIF1A variants had not been described in HSP phenotypes until a recent report by us and collaborators where 11 de novo variants were described in 14 patients. 10 The predominant phenotype in these cases was developmental delay and/or ID with cerebellar, cerebral and/or optic nerve atrophy. Spasticity was present in most but not all patients. Disease severity varied considerably. One of the most severely affected patients was a female with a c.757G4A (p.(Glu253Lys)) variant. She had hypotonia and decreased movements at birth, examinations revealed progressive cerebral atrophy and axonal sensorimotor neuropathy, and she died at age 2. Among the least severely affected, and the only one who had reached adult age at the time of the study, was a Finnish patient with a c.305G4A (p.(Gly102Asp)) variant. She presented with ID, gradually developing spastic paraparesis but no peripheral neuropathy. The c.206C4T (p.(Ser69Leu)) variant identified in this study represents the least severe heterozygous KIF1A variant as our patients had pure HSP and normal cognitive development. Although our proband had ADD, it cannot be accounted for by the KIF1A variant as the father has not had such challenges in his school or working life. The proband also had focal frontal disturbance in EEG. We cannot definitely ascribe the EEG finding to the KIF1A variant as such unspecific, clinically insignificant abnormalities are commonly found in children who are evaluated for mild neurocognitive abnormalities. Nevertheless, epilepsy or EEG abnormalities were identified in five previously described patients with de novo KIF1A variants, suggesting a possible link between the EEG abnormality and KIF1A variants. 10 Our results show that KIF1A variants must be considered in patients with HSP, regardless of the mode of inheritance. The gene REEP2 was also recently associated with both dominant and recessive HSP, 24 both inheritance types being classified under SPG72. 25 Therefore, we suggest that HSP caused by dominant KIF1A variants be classified in the same group as HSP caused by recessive KIF1A variants, that is, SPG30. The previous de novo variants clustered in the motor domain of KIF1A between amino acids 58 and 316 and they were predicted to affect different properties of the motor domain function. 10 Some substitutions disrupted directly the ATP binding pocket or interfered Ser69Leu) ) identified in this study might cause a conformational change that also affects the stable ATP binding but not largely the overall structure of the ATP binding pocket. KIF1A has been suggested to function as a dimer, similarly to the family 1 kinesins KIF5A, KIF5B and KIF5C that move 'head-over-head' such that one motor domain (or head) of the dimer binds the microtubule, whereas the other moves over to the next binding site. 1, 26, 27 Dominant negative effect is postulated for the heterozygous KIF1A variants, 10 which is readily understandable if, in fact, the protein dimerizes.
The two known recessive disease variants of the motor domain 6,7 may have different consequences on the protein's function than the dominant variants, which could explain why they do not cause disease in heterozygous carriers. Structural modeling suggests that the dominant disease variants affect either ATP binding, γ-phosphate release or microtubule binding. 10 On the basis of structural analyses, the recessive variants c.764C4T (p. (Ala255Val) ) and c.1048C4G (p.(Arg350Gly)) were predicted to disrupt the back door structure or the neck linker between the motor domain and cargo binding regions, respectively. 6, 7, 10 Functional testing by the expression of variants in rat hippocampal neurons suggested that the recessive variants impaired motor activity of KIF1A but to a lesser degree than the dominant disease variants. 10 Therefore, a less severe biochemical phenotype may explain why c.764C4T (p.(Ala255Val)) and c.1048C4G (p.(Arg350Gly)) are disease causing only in the homozygous state. Recessive inheritance was also documented for KIF1A variants that cause HSANII. 5 These variants are downstream of the motor domain and may therefore not be detrimental to KIF1A motility, but may instead interfere with vesicle binding as the pleckstrin homology domain is disrupted. 5 Thus, a relatively less severe biochemical consequence, compared with dominant motor domain variants, may account for heterozygous carriers of the truncating variants being symptom free. Further functional studies are needed to fully elucidate the precise mechanism of genetic dominance and neuron type specificity of KIF1A variants.
In conclusion, our study expands the spectrum of KIF1A-related disease by documenting the first dominantly inherited disease variant. We recommend testing of KIF1A in HSP regardless of the inheritance pattern.
